We investigated the role of capsaicin-sensitive small diameter fibers in the development of the thermal and mechanical allodynia in a new rat model for neuropathic pain, produced by transecting some but not all of the nerves innervating the tail. Capsaicin (50 mg/kg, s.c.) injected neonatally prior to the nerve injury produced thermal hypoalgesia in the tail the degree of which was variable across individual rats, presumably as a result of variable degeneration of the small diameter fibers. When subjected to the nerve injury, the animals with moderate thermal hypoalgesia exhibited signs of pain (e.g., tail flick) to normally innocuous mechanical stimuli applied to the tail with von Frey hairs (4.9 mN or 19.6 mN bending force), but not to thermal stimuli given by immersion of the tail into cold (4°C) or warm (40°C) water. The animals with marked thermal hypoalgesia, on the other hand, exhibited no signs of pain either to the mechanical or to the thermal stimuli. These results suggest that the capsaicin-sensitive fibers are critical in the development of both the mechanical and thermal allodynia.
It is hypothesized that the destruction of A& and C-nociceptive fibers by capsaicin prevented activities induced in these fibers by the nerve injury from producing a central sensitization and thus allodynia. [Key words: capsaicin, allodynia, causalgia, neuropathic pain, spinal cord, C-fibers, animal model] Peripheral nerve injury sometimes results in chronic neuropathic pain such as causalgia (Mitchell, 1872; Richards, 1967; Tahmoush, 198 1; Blumberg and Janig, 1983; Devor, 1983) . This type of pain is characterized by spontaneous burning pain accompanied by hyperalgesia and allodynia lasting variable times. At present, the mechanisms underlying the causalgic symptoms are not completely understood.
Recently, three different experimental animal models for causalgia, produced by a partial injury of the nerves supplying the rat hind paw, were developed by Bennett and Xie (1988) , Seltzer et al. (1987 Seltzer et al. ( , 1990 and Chung (1991, 1992) , respectively. Although these models are attractive in that the characteristic symptoms of causalgia such as allodynia and hyperal-gesia are clearly observed, they appear to suffer from some drawbacks; behavioral tests using the hind paw are difficult to perform and the deformity of the hind paw following the nerve injury does not allow blind behavioral tests. To avoid these potential problems we have developed a new rat model (Na et al., 1994) , produced by transecting some but not all of the nerves innervating the rat tail. This model, similar to the previously developed ones, displays chronic neuropathic symptoms like mechanical and thermal (cold and warm) allodynia. Furthermore, the model offers two major advantages in performing the behavioral tests. First, application of both mechanical and thermal stimuli to the partially denervated area (i.e., the tail) is easy. Second, blind behavioral tests are possible due to the lack of deformity in the tail after the nerve injury.
In the present study, using our new model, we assessed whether or not small diameter afferents (i.e., A& and C-fibers) are critical in the development of causalgic symptoms. The role of these fibers was inferred by examination of the presence of causalgic symptoms after depleting the fibers with neonatal subcutaneous injection of capsaicin, a treatment known to produce irreversible degeneration of most (up to 80%) C-fibers and some As-fibers (Lawson and Nickels, 1980; Nagy et al., 1981; Nagy and Van der Kooy, 1983) . Inconsistent with the previous report that neonatal capsaicin treatment prevented the development of thermal hyperalgesia, but not mechanical allodynia and hyperesthesia , our results indicate that mechanical, as well as thermal, allodynia is dependent on the capsaicin-sensitive fibers.
Materials and Methods
Capsaicin treatment Twenty-two male Sprague-Dawley rats were injected subcutaneously within 48 hr of birth with capsaicin (50 mglkg, Sigma, dissolved in saline containing 10% Tween 80 and~lO% ethyl alcohol). Twelve other rats were injected with the vehicle only. After being weaned, the rats were reared in individual or group cages. When young adults, weighing 100-200 gm (7-8 weeks old), the animals were subjected to further experimental manipulations (below).
Assessment oj' capsaicin eflects
Capsaicin treatment has been reported to produce permanent thermal hypoalgesia (Holtzer et al., 1979; Jansco and Jansco-Gabor, 1980; Nagy e; il., i980; Gamse, 1982; Nagy and Van der Kooy, 1983; Doucetteet al.. 1987 : but see Haves et al.. 1981a .b: Cervero and McRitchie, 1981 , 1983 Buck et al., 1982; Hara et al., 1984; Meller et al., 1992) . This abnormality is presumed to be due to destruction by capsaicin of Cand/or AS-afferencs in the peripheral nerves (Lawson and Nickels, 1980) . To indirectly assess the efficacy of the neonatal capsaicin treatment in destroying C-and As-fibers, we compared the responses of the capsaicin-and vehicle-injected animals to thermal stimulation given by immersing the tail into 48°C water. The latency of the tail-withdrawal response to the thermal stimulation was measured with a cut-off time of 30 sec. This was repeated five times at a 5 min interval to give rise to an average value for each animal.
"Neuropathic" mrgery
The capsaicin-or vehicle-treated rats were subjected to the "neuropathic" surgery, as previously described by Na and his coworkers (1994) . In short, under sodium pentobarbital anesthesia (40 mg/kg, i.p ), the left inferior caudal trunk was exposed freed carefully from the surrounding tissues and transected at the level between the S3 and S4 spinal nerves.
To prevent the possible rejoining of the proximal and distal ends of the severed trunk, about 2 mm piece of the trunk was removed from the proximal end. This surgery eliminated the SLS3 spinal nerve innervation of the tail via the left inferior caudal trunk. Figure IA shows the surgically exposed inferior and "superior" caudal trunks, and Figure  1B illustrates schematically how these trunks are composed of and the level of the transection of the inferior caudal trunk.
Behavioral tests for signs of neuropathic pain
The presence of the behavioral signs suggestive of neuropathic pain (i.e., mechanical, cold and warm allodynia) was examined I d prior to and 1, 4, 7, and 14 d after the "neuropathic" surgery. All of these behavioral tests were conduced by one investigator who was uninformed of whether or not the animal was neonatally treated with capsaicin; nevertheless, the investigator could tell whether or not the animal was treated with capsaicin by the presence or absence of the wounds and scars on the animal's face and body (see Results).
Mechanical ullodyniu. The signs suggestive of mechanical allodynia were sought by applying normally innocuous mechanical stimuli to the tail using von Frey hair with the bending force of 4.9 mN (0.5 gm) or 19.6 mN (2.0 gm) (made of horse tail hairs, shank diameters of about 150 and 200 km; cylindrical tip shape). For convenient application of the stimuli the rat was restrained in a transparent plastic tube and the tail was laid on a wooden plate. The most mechanically sensitive spot of the tail was first determined using the 4.9 mN von Frey hair; initially the most sensitive area was determined by rubbing various areas of the tail with the shank of the von Frey hair, and then, this area was poked systematically with the von Frey hair to locate the most sensitive spot.
This spot was marked with a sharp marking pen. The actual test was conducted by poking gently (not jabbing) the spot with the von Frey hair. An abrupt tail movement of about 0.5-20 cm in response to the von Frey hair stimulation was considered to be an abnormal response suggestive of mechanical allodynia. Whereas, lack of or a slow, minute (CO.1 cm) tail movement was considered to be a normal response, indicating the absence of mechanical allodynia. The determination of the abnormal and normal tail responses was made subjectively by the investigator. In the present study we did not attempt to rate the abnormal tail responses, because (1) these responses having a large variability in magnitude could not be subdivided with certainty into a few classes and (2) the average magnitude of the responses appeared not different across individual animals within a given experimental group and between vehicle-and capsaicin-treated animal groups.
The von Frey test was repeated 10 times at a IO-20 set interval for each animal on each experimental day. During the repeated trials, the test stimuli were delivered to the same spot with no difficulties, since the tail was usually stationary. The repetition of the test was to determine the frequency of the abnormal tail responses (expressed in percentage of trials), an index adopted to follow the course of the development of mechanical allodynia following the "neuropathic" surgery.
After the first series of tests with the 4.9 mN von Frey hair, tests with the 19.6 mN hair ensued; the most sensitive spot determined with the 4.9 mN hair was again stimulated.
Thermal allodynia. The signs suggestive of thermal allodynia were sought by immersing the tail in 4°C or 40°C water. The rat was restrained in a plastic tube, and the tail was drooped for convenient application of the thermal stimuli. Following the tail immersion, the investigator continuously observed the tail to see if it moved abruptly and measured the latency of the tail movement with a cut-off time of 30 sec. An abrupt tail movement of about 0.5-20 cm (ranging from small tail twitch in the water to tail withdrawal out of the water) with a latency shorter than the cut-off time was considered to be an abnormal tail response suggestive of thermal allodynia. Whereas, lack of tail movement until the cut-off time or a slow, minute (CO.2 cm) tail movement within the cut-off time was considered to be a normal response, indicating the absence of thermal allodynia. The determination of the abnormal and normal tail responses was made subjectively by the investigator. In this study we did not attempt to rate the abnormal tail responses, because (1) these responses having a large variability in magnitude could not be subdivided with certainty into a few classes and (2) the average magnitude of the responses appeared not different across individual animals within a given experimental group and between vehicle-and capsaicin-treated animal groups.
The tail immersion test was repeated five times at a 5 min interval to obtain the average tail response latency for each animal on each experimental day. In calculating the average latency, the cut-off time (i.e., 30 set) was assigned to the normal responses. The average latency was adopted as an index for the course of the development of thermal allodynia following the "neuropathic" surgery.
Tests with the 4°C water preceded the ones with the 40°C water by about an hour. The possibility that the abnormal tail responses to the 4°C or 40°C water were due to the mechanical contact of the tail with the water instead of thermal stimulation was essentially ruled out, since (1) in a vast majority of the cases (11 out of 12 animals), 30°C water did not elicit any abnormal tail responses and (2) the 4°C or 40°C waterelicited responses had latencies longer than at least a few seconds, unlike the von Frey hair-evoked responses which had virtually no latenties.
Statistical analyses
Friedman's rank test was used to determine whether or not an overall difference was present among the behavioral test scores of a given animal group obtained 1 d before and 1, 4, 7, and 14 d after the "neuropathic" surgery. When this test indicated a significant difference, post hoc comparisons between the pre-and postsurgery scores (matched within subjects) were further made to determine on which postsurgery day(s) the score was different from the one before the surgery. The significance level for t statistics was adjusted according to the number of comparisons; the equations, (Y,+, = 1 -( 1 -~r,)~ and 01~ = cl/C [where 01~ and 01~ were the adjusted and referred significance levels, respectively, and c1 and C were the originally chosen significance level (i.e., 0.05) and the number of comparisons, respectively], were used for this adjustment. The 01~ and (Ye were 0.0491 and 0.0125, respectively. Mann-Whitney U test was used to examine whether significant differences were present between animal groups in the test scores obtained on a given experimental day. p < 0.05 was considered significant.
Results

Ver$cation of capsaicin effects
When checked in adulthood, the neonatally capsaicin-injected rats, unlike the vehicle-treated ones, exhibited numerous wounds and scars all over their bodies and faces. This suggests that degeneration of C-and/or AS-fibers did occur after the capsaicin treatment, resulting in impairment of nociception.
The latency of the tail-withdrawal response to the hot (4W) water stimulation was significantly longer in capsaicin-injected rats than in vehicle-treated ones (Fig. 2) , further suggesting that thermal nociceptive threshold increased as a result of C-and/or AS-fiber degeneration following the capsaicin treatment. The tail-withdrawal response latency in capsaicin-injected rats exhibited a bimodal distribution ( Fig. 2A ). Since this bimodality was suggestive of variability among animals in the amount of destruction of unmyelinated fibers by capsaicin (Nagy and Van der Kooy, 1983) , we divided the capsaicin-treated animals into two groups, namely, CAPR and CAPF ( Fig. 2A) . The latencies of the CAPR and CAPF groups ranged 9.5-17.5 set and 25.6-30 set, respectively. Student t test indicated that the mean latency of the CAPR group (12.7 It 0.9 set, n = 10) was significantly shorter than that of the CAPF group (29.1 + 0.4 set, n = 12, p < O.OOOl), but was longer than that of the vehicle-treated group (VEHL, 7.4 2 1.0 set, n = 12,~ < 0.0001) (Fig. 2B ).
Neuropathic pain behaviors
Mechanical allodynia. Prior to the "neuropathic" surgery, the frequency of the abnormal tail response to von Frey hair stimulation was near O%, regardless, of the capsaicin treatment status (Fig. 3) . When checked after the surgery, the frequency increased dramatically in the VEHL and CAPR groups but not in CAPF group (Fig. 3) , suggesting that the surgery led to the development of mechanical allodynia only in the VEHL and CAPR groups; Friedman's rank test revealed that a significant difference was present among the behavioral test scores obtained on pre-and postsurgery days in the VEHL (p < 0.0001 for both 0.5 gm and 2.0 gm von Frey hair tests) and CAPR (p < 0.0001 for both 0.5 gm and 2.0 gm von Frey hair tests) groups, whereas the test indicated no significant difference among the scores in the CAPF group (p > 0.15 for 0.5 gm and p > 0.49 for 2.0 gm von Frey hair tests). Pairwise post hoc comparisons further revealed that, regardless of the von Frey hair force, the scores on postsurgery days 1, 4, 7, and 14 in the VEHL group and the scores on postsurgery days 4, 7, and 14 in the CAPR group were significantly higher than the corresponding presurgical scores (Fig. 3 ). In addition, Mann-Whitney U tests indicated that, in the case of the 0.5 gm von Frey hair test (Table la) , the scores on postsurgery days 4, 7, and 14 of the VEHL and CAPR groups were significantly higher than the scores of the CAPF group on the corresponding days and, in the case of the 2.0 gm von Frey hair test (Table lb) , the scores on postsurgery days 4, 7, and 14 of the VEHL group and the scores on postsurgery days 7 and 14 of the CAPR group were significantly higher than the scores of the CAPF group on the corresponding days. On the other hand, Mann-Whitney U tests revealed no significant difference between the scores of the VEHL and CAPR groups on any given experimental day (Table la,b) . Thermal allodynia. Before the "neuropathic" surgery, most rats in both vehicle-and capsaicin-treated groups did not show the abnormal tail responses to the cold (4°C) or warm (40°C) water stimuli; only a few rats showed the abnormal responses within 30 set, the cut-off time employed in this study. After the "neuropathic" surgery, the rats in the VEHL group, but not in CAPR and CAPF groups, exhibited the tail responses of significantly decreased latencies (Fig. 4, cold; Fig. 5, warm) , suggesting that the surgery resulted in the development of thermal allodynia only in the VEHL group; Friedman's rank test revealed that a significant difference was present among the tail response latencies obtained on pre-and postsurgery days in the VEHL group 0, < 0.01 for both cold and warm water tests), but not in the CAPR and CAPF groups (p > 0. water test (Fig. 4 ) and the latencies on postsurgery days 1, 7, and 14 in the case of the warm water test (Fig. 5 ) were significantly shorter than the corresponding presurgical scores. In addition, Mann-Whitney U tests indicated that, in the case of the cold water test (Table 1 c) , the tail response latency of the VEHL group on postsurgery day 14 was significantly shorter than the latencies of the CAPR and CAPF groups on the same day and, in the case of the warm water test (Table Id) , the latencies of the VEHL group on postsurgery days 1, 7, and 14 were significantly shorter than those of the CAPR and/or CAPF groups on the corresponding days. Mann-Whitney U tests, on the other hand, indicated that the latencies of the CAPR and CAPF groups were not significantly different on any given experimental day (Table 1 c,d ).
Discussion
The results of the present study clearly demonstrate that both thermal and mechanical allodynia, produced by transecting some but not all of the nerves innervating the tail, were blocked by a neonatal capsaicin injection, in so far as this treatment resulted in a large increase in the latency of the tail-withdrawal response to hot (48°C) water stimulation (CAPF group). These results strongly suggest that capsaicin-sensitive A& and/or C-fibers are critical in the induction or expression of the causalgic symptoms. Our data are in line with the findings of Meller, Gebhart, and Maves ( 1992) and Shir and Seltzer (1990) that thermal hyperalgesia, produced by a partial sciatic nerve injury (Seltzer et al., 1987 Bennett and Xie, 1988) , was prevented by a similar capsaicin treatment. However, the data are inconsistent with the results of Shir and Seltzer (1990) that mechanical allodynia survived capsaicin treatment, which led these investigators to conclude that mechanical allodynia develops even in the absence of most C-fibers.
The difference in animal model (i.e., hind paw vs tail model) might be a possible explanation for why mechanical allodynia was present in Shir and Seltzer's, but not our, animals. However, the observations that the signs of neuropathic pain in both models were similarly blocked by sympathectomy (Seltzer and Shir, 1991;  unpublished observation for our model) do not support the idea. The discrepancy between our and Shir and Seltzer's results might rather be due to the difference in rat strain (Sprague-Dawley vs Sabra). Alternatively, it might be due to the difference in the extent of destruction by capsaicin of small diameter fibers. Two different lines of evidence support this view. First, it has been reported that the amount of destruction of unmyelinated sensory fibers by capsaicin is variable between animals (Nagy and Van der Kooy, 1983) . Second, in the CAPF group which had no mechanical allodynia, the increase (about 300%) in the latency of the tail-withdrawal response to hot water stimulation, an indirect measure employed in this study to estimate the degree of destruction of small diameter fibers, was much greater than that (about 70%) in the CAPR group which showed mechanical allodynia. In this context, it is interesting that in the Shir and Seltzer's study (1990) the capsaicin-induced increase in the thermal nociceptive threshold, another indirect measure for the efficacy of capsaicin in destroying small diameter fibers, was only about 50%.
Based on the present results alone, we cannot draw any firm conclusions for the mechanism(s) underlying the inhibitory effects of capsaicin on the mechanical and thermal allodynia following the nerve injury. One possible mechanism, however, is that the destruction by capsaicin of AS-and C-fibers prevented the activities induced in these fibers by the nerve injury from producing "central sensitization," central changes thought to be required for the emergence of neuropathic pain symptoms following peripheral nerve injury (Roberts, 1986; Coderre et al., 1993) . Another possible mechanism is that the capsaicin destruction of AS-and C-fibers disallowed small diameter fiber-mediated sensory signal transmission from the periphery to the central nervous system which is essential in triggering neuropathic pain. This second mechanism would be applicable to the case of the thermal allodynia prevention by capsaicin. Because, removal of small diameter fibers by capsaicin in normal animals is thought to compromise thermal nociception (Fig. 2; Holtzer et al., 1979; Jansco and Jansco-Gabor, 1980; Nagy et al., 1980; Gamse, 1982; Nagy and Van der Kooy, 1983; Doucette et al., 1987 ; but see Hayes et al., 1981a,b; McRitchie, 1981, 1983; Buck et al., 1982; Hara et al., 1984; Meller et al., 1992) . But, this mechanism would not be applicable to the case Kim et al. -Capsai ci n Effects on Neuropathic Pai n of the prevention of mechanical allodynia by capsaicin. Because, the von Frey hairs that we used (4.9 and 19.6 mNj would normally not activate nociceptors with AS-and C-fibers (Leem et al., 1993) , low threshold mechanoreceptors with C-fibers are rare in normal rat cutaneous nerves (Fleisher et al., l983) , and therefore, most mechanical sensory information would be carried via capsaicin-insensitive myelinated A-fibers. Thus, as an explanation for the inhibitory effect of capsaicin on the mechanical allodynia, the first mechanism (i.e., the prevention of the central sensitization by capsaicin-induced destruction of A& and C-fibers), not the second, appears to be appropriate.
In a recent report on the effects of capsaicin on the causalgic symptoms, Shir and Seltzer (1990) suggested that, in the absence of most C-fibers, injury discharges of A-fibers with large diameters are sufficient to produce the central changes required for touch evoked (i.e., mechanical) allodynia. This conclusion contradicts our deduction that the preclusion of the central sensitization by the capsaicin-induced destruction of small diameter fibers was the reason for the lack of mechanical allodynia (see above). To date, no concrete evidence is available for the idea that A-fibers with large diameters could sensitize dorsal horn cells, although the demonstration of the A@fiber sprouting into laminae I and II in the spinal dorsal horn following peripheral nerve injury (Woolf et al., 1992; Shortland and Woolf, 1993; Koerber et al., 1994) points to the possibility. On the other hand, there are numerous reports that brief activities of C-nociceptors resulted in prolonged changes in the excitability of certain dorsal horn cells (e.g., wide dynamic range cells) (Price and Browe, 1975; Price et al., 1978; Chung et al., 1979; Kenshalo et al., 1979 Kenshalo et al., , 1982 Schouenborg and Sjolund, 1983) , rendering the gains of these neurons to both A-and C-fiber inputs enhanced (Kenshalo et al., 1982; Schouenborg and Sjolund, 1983) . Conceivably, the mechanical allodynia in capsaicin treated animals in Shir and Seltzer's study (1990) was the result of a central sensitization produced by small diameter fibers that were not destroyed by capsaicin, not by capsaicin-insensitive A-fibers with large diameters. Similarly, it is possible that the mechanical allodynia in the CAPR group in our study resulted from an incomplete destruction of small diameter fibers by capsaicin which permitted a central sensitization sufficient for the mechanical allodynia.
In summary, the present results strongly suggest that capsaicin-sensitive small diameter fibers such as C-or A&fibers play a critical role in the development of both the mechanical and thermal allodynia. The results further suggest that the central change induced by injury discharges of small diameter fibers is a prerequisite for the mechanical allodynia.
